Chronic marginal periodontitis is a destructive inflammatory disease caused by an imbalance between bacterial virulence and host defense ability, resulting in eventual tooth exfoliation. Porphyromonas gingivalis, a major periodontal pathogen, triggers a series of cellular inflammatory responses including the production of prostaglandin E 2 (PGE 2 ), which causes periodontal destruction; thus, anti-inflammatory reagents are considered beneficial for periodontal therapy. In the present study, we examined whether hop-and apple-derived polyphenols (HBP and ACT, respectively) inhibit PGE 2 production by human gingival epithelial (HGE) cells stimulated with P. gingivalis components. HGE cells were stimulated with P. gingivalis membrane vesicles, and the effects of HBP, ACT and epigallocatechin gallate (EGCg) on PGE 2 production by HGE cells were evaluated using an enzyme-linked immunosorbent assay. HBP and EGCg significantly inhibited PGE 2 production, whereas ACT did not. , were found to be elements which significantly inhibited cellular PGE 2 production. These results suggest that HBP is a potent inhibitor of cellular PGE 2 production induced by P. gingivalis, and HBP may be useful for the prevention and attenuation of periodontitis.
Chronic marginal periodontitis, one of the most common infectious diseases encountered in humans, is a destructive inflammatory disease induced by an imbalance between bacterial virulence and host defense ability. 1) Porphyromonas gingivalis, a Gram-negative anaerobic rod, has been implicated as a crucial etiological agent in the development and progression of periodontitis.
2) The bacterium possesses a broad spectrum of virulent factors, including fimbriae, gingipains and lipopolysaccharide (LPS), and host responses to these bacterial products are the major cause of the pathogenesis of chronic periodontitis. 3) This pathogen extracellularly releases membrane vesicles which retain full components of outer membrane constituents 3, 4) ; therefore, vesicles released from P. gingivalis are considered a secretion product with significant virulence. The vesicles directly destruct periondontal tissues and also stimulate host cells to produce a significant inflammatory mediator, prostaglandin E 2 (PGE 2 ). 5) The gingival epithelial layer is an innate barrier against bacterial attacks, and plays a proactive role in local immune responses. 6, 7) Human gingival epithelial (HGE) cells stimulated with periodontal pathogens produce PGE 2 , which further induces excessive host inflammatory responses and results in disease progression and periodontal destruction. Accumulated evidence indicates that periodontal inflammation may be stabilized by anti-inflammatory reagents such as green tea catechin (epigallocatechin gallate; EGCg). 8) EGCg was reportedly effective to prevent gingival inflammation, 9) and also showed bactericidal and anti-proteolytic effects against P. gingivalis [10] [11] [12] ; however, in regard to anti-inflammatory ability for periodontal cells, no other types of polyphenols have been reported. Hop (humulus lupulus L., Cannabinaceae) and apple (rosaceae malus sp.) are common natural sources which contain polyphenolic constituents. We previously reported that both hop-and apple-derived polyphenols, hop bract polyphenol (HBP) and apple condensed tannin (ACT) effectively inhibited the protease activity of P. gingivalis, and protected periodontal ligament cells from bacterial cytotoxicity. 13) Their protective abilities were found to be greater than EGCg. In the present study, we examined whether HBP and ACT can inhibit PGE 2 production by HGE cells stimulated with P. gingivalis vesicles in order to explore an alternative to periodontal therapy.
MATERIALS AND METHODS
Preparation of P. gingivalis Vesicles P. gingivalis ATCC33277 was grown and its membrane vesicles were prepared as described previously. 14) Briefly, bacterial cells were removed from the growth medium by centrifugation at 8000ϫg for 30 min at 4°C. The culture supernatant was filtered with 0.22 mm pore size, and centrifuged at 100000ϫg for 1 h at 4°C. The pellet suspended in phosphate-buffered saline (PBS) was used as a vesicle preparation. The protein content of prepared vesicles was determined using a bicinchoninic acid protein assay kit (Pierce, Rockford, IL, U.S.A.).
Cell Culture Immortalized HGE cells 15) were kindly provided by Professor Murakami (Osaka University Graduate School of Dentistry). HGE cells were grown in Humedia KB-2 (Kurabo, Osaka, Japan) at 37°C with 5% CO 2 as described previously, 15) and 24 h before stimulation of P. gingivalis vesicles, the cells were moved to Dulbecco's modified Eagle's medium (Sigma, St. Louis, MO, U.S.A.) with 10% fetal calf serum (Invitrogen Co., Carlsbad, CA, U.S.A.). Polyphenols (Ϫ)-EGCg was purchased from Funakoshi Co. (Tokyo, Japan). HBP, ACT, high-molecular-weight HBP (HMW-HBP), and low-molecular-weight HBP (LMW-HBP) were prepared as previously described. 16, 17) To fractionate LMW-HBP, LMW-HBP (10 g) in water adjusted to pH 6.5 was subjected to a column with aromatic-type synthetic adsorbent resins (SEPABEADS ® SP850 resins; Mitsubishi Chemical Co., Ltd., Tokyo, Japan) by stepwise elution with 0, 5, 25, 50, and 80% ethanol in distilled water. Five fractions were obtained: 0% ethanol (3.70 g), 5% ethanol (1.59 g), 25% ethanol (2.30 g), 50% ethanol (2.22 g), and 80% ethanol (0.11 g). To isolate the components of the 80% ethanol fraction, reverse phase high-performance liquid chromatography (HPLC) analysis was carried out with an Inertsil ODS-3 column (GL Sciences Inc., Tokyo, Japan) at a flow rate of 1.0 ml/min. Solvent A was 0.1% aqueous formic acid and solvent B was 0.1% aqueous formic acid-acetonitrile (1 : 1 v/v). The initial eluent was 90% A, followed by a linear gradient from 90% A to 40% A over 70 min. All polyphenols were dissolved in 0.05% (v/v) dimethyl sulfoxide (DMSO).
High-Resolution Time-of-Flight Mass Spectrometry (HR-TOF-MS) HR-TOF-MS was carried out on an LCT
Premier (Waters Co., Milford, MA, U.S.A.), and nuclear magnetic resonance (NMR) analysis was performed using a Bruker AV600 instrument (Bruker Biospin, Rheinstetten, Germany) according to the manufacturers' instructions.
Enzyme-Linked Immunosorbent Assay (ELISA) HGE cells were stimulated with P. gingivalis vesicles (50 mg/ml of final concentration) in the presence or absence of polyphenols at various concentrations for 24 h. PGE 2 secreted in the culture supernatant was quantified using a competitive ELISA kit (R&D Systems, Minneapolis, MN, U.S.A.). All assays were performed in triplicate on 3 separate occasions (nϭ9).
Statistical Analysis Statistical analyses were performed using unpaired Student's t-test. All data are presented as the meanϮS.D., with pϽ0.01 considered significant.
RESULTS AND DISCUSSION
HGE cells were stimulated with P. gingivalis vesicles for 24 h, and PGE 2 produced in the culture media were measured using ELISA. HBP significantly suppressed PGE 2 production by HGE cells at all concentrations tested, whereas EGCg also clearly suppressed PGE 2 production only at 10 and 25 mg/ml. On the other hand, PGE 2 production was not suppressed by ACT (Fig. 1) .
Since HBP effectively suppressed cellular PGE 2 production, HBP, which is a mixture of multiple components, was fractionated to HMW-HBP and LMW-HBP. As shown in Fig.  2 , LMW-HBP was found to be as effective as HBP at 10 and 25 mg/ml, whereas HMW-HBP was not; thus, LMW-HBP was further fractionated to identify the effective elements. Four fractions of LMW-HBP (0%, 5%, 25%, and 50% ethanol fractions; see Materials and Methods for details) failed to show inhibitory effects, and only the 80% ethanol fraction significantly inhibited PGE 2 production at 10 and 25 mg/ml (Fig. 3) .
The components of the 80% ethanol fraction were analyzed with reverse phase HPLC, and then the 3 major components were fractionated (Fig. 4A) . The peak areas of (a), (b) and (c) equaled 21.7%, 12.4% and 17.4% of the entire peak area, respectively. These 3 fractions were further subjected to HR-TOF-MS/NMR analysis. By comparison of the physical and spectral data with reported data, the peak (a) was found to be 2-(2-methylpropanoyl)-phloroglucinol 1-O-b-D-glucopyranoside (MPPG). 18) Peaks (b) and (c) were also found to be quercetin 3-O-b-D-glucopyranoside (isoquercitrin), 19) and kaempferol 3-O-b-D-glucopyranoside (astragalin), 20) respectively (Fig. 4B ). These components were further analyzed in regard to the inhibitory effects on PGE 2 production by HGE cells stimulated with P. gingivalis vesi- cles (Fig. 5 ). All components showed significant inhibitory effects at 10 and 25 mg/ml. In particular, MPPG most effectively inhibited PGE 2 production by about 60% at 25 mg/ml. These results suggested that MPPG, isoquercitrin and astragalin collectively contributed to the inhibitory effect of HBP on PGE 2 production. PGE 2 , which is induced by proinflammatory cytokines, growth factors and LPS, is involved in the pathogenesis of periodontal disease. 1) In regard to polyphenolic anti-inflammatory effects on periodontal cells, EGCg has been most extensively investigated, and shown to inhibit the expression of mRNA for cyclooxygenase (COX)-2, matrix metalloproteinase-1, interleukin (IL)-1, IL-6, and IL-8 by culture cells. 21) In the present study, we tested the effect of HBP and ACT on PGE 2 production by HGE cells. The present findings showed that HBP possessed anti-inflammatory properties as well as EGCg, whereas ACT did not. Furthermore, the effective elements contained in HBP were successfully identified. MPPG, isoquercitrin, and astragalin were shown to be helpful elements of HBP to suppress PGE 2 production; however, reverse phase HPLC analysis showed that the amount of MPPG, isoquercitrin and astragalin in HBP were estimated as only 1.5, 2.7 and 1.2%, respectively (data not shown). In addition, the inhibitory activities of HBP were not notably increased during the purification process (especially in the fractionation from LMW-HBP to 80% ethanol fraction), which suggested a loss of active fractions containing inhibitory elements. These results leave open the possibility that HBP contains other inhibitory components. Further improvement of this purification process would be necessary.
There are several possible mechanisms for HBP to express an inhibitory effect on PGE 2 production, i.e., direct inhibition of enzymes involved in PGE 2 production, such as phospholipase A 2 (PLA 2 ), COX-1 and COX-2, as well as inhibition of the cellular expression of these enzymes, and weakened effect on bacterial virulence factors. MPPG was previously isolated from hops, and shown to inhibit enzymatic activity of COX-1.
18) Isoquercitrin was reported to inhibit PGE 2 production in mice, 22) and its aglycon, quercetin was reported to inhibit the activity of PLA 2 .
23) Astragalin is a flavonoid which negligibly inhibited IL-4 expression by blood basophils. 24) In addition, proteases secreted by P. gingivalis, abundant in its vesicles, are major factors to induce a host inflammatory response, and HBP effectively inhibited protease activity of P. gingivalis. 13) Further investigation is necessary to elucidate the exact pathway to express the PGE 2 -suppressing activity of HBP.
HBP is reported as a safe food material, 25) and HBP and LMW-HBP were also shown to be safe for culture cells. 13) In contrast, EGCg reportedly showed cytotoxicity at a concentration of more than 50 mM (about 23 mg/ml). 26) Our previous study also showed that EGCg caused a significant loss of cellular viability even at a dose of 10 mg/ml. 13) In addition to the proven safety, HBP was also capable of protecting periodontal cells from bacterial cytotoxicity, 13) as mentioned in the introduction. HBP was previously shown to inhibit cariogenic activity of Streptococcus mutans in vitro, 17) and a recent crossover clinical study showed that a mouthrinse containing HBP successfully reduced dental plaque regrowth in humans. 27) Caries and periodontitis are two major oral problems; therefore, it is possible that HBP is a candidate not only for a caries-preventing agent, but also for anti-inflammatory reagents with therapeutic potential for chronic periodontitis. 
